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In plants, RNA silencing provides an adaptive immune system that inactivates pathogenic nucleic acids, guided by 21–24-mer RNAs of
pathogen origin. The characterization of pathogen-related small RNAs (sRNAs) is relevant to uncovering the strategies used by pathogens to evade
host defense responses. Several groups have reported the detection of viroid-derived sRNAs during infections, although the origin of these sRNAs
and their chemical characteristics were poorly understood. Here, we describe the in vivo cleavage of Citrus exocortis viroid (CEVd) RNA into
sRNAs of 21–22 nt, that are phosphorylated at their 5′-end and methylated at 3′. Our studies suggested that the CEVd genomic RNA might be the
predominant in vivo substrate for cleavage by Dicer-like enzyme(s), which preferentially targeted residues mainly located within the right-end
domain of the viroid. Further analysis on the accumulation levels of specific miRNAs controlling major regulators of leaf development and the
miRNA pathway and the levels of their target mRNAs provided evidence that the endogenous tomato miRNA pathway was not affected by CEVd
infection.
© 2007 Elsevier Inc. All rights reserved.Keywords: Small RNA; Viroid; DCL cleavage; microRNA pathwayIntroduction
RNA silencing (RNAi) is a conserved defense mechanism
plants and other eukaryotes use to protect their genomes against
aberrant nucleic acids (Baulcombe, 2004; Ding et al., 2004;
Hannon and Conklin, 2004). This mechanism, which is me-
diated by small RNAs of 21 to 24 nt, can be executed at the
transcriptional (transcriptional gene silencing or TGS) or post-
transcriptional level (post-transcriptional gene silencing or
PTGS). Other small RNA (sRNA)-related processes in plants
include trans-acting siRNA and microRNA pathways, which
regulate growth and development. PTGS provides plants an
adaptive immune system that recognizes pathogenic nucleic
acids such as those derived from viruses and inactivates them
via cleavage of their RNAs (Vance and Vaucheret, 2001;⁎ Corresponding author. Fax: +1 212 327 8327.
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doi:10.1016/j.virol.2007.05.011Voinnet, 2001; Waterhouse et al., 2001; Dunoyer and Voinnet,
2005). As a counter-attack strategy against this host defense
mechanism, many plant viruses encode proteins that interfere
with different components of the PTGS machinery (Voinnet,
2005; Li and Ding, 2006). Some examples of viral suppressors
of silencing are the tombusviral P19 protein that sequesters 21-
bp duplex sRNAs (Silhavy et al., 2002; Lakatos et al., 2004;
Sholthof, 2006), the helper component P1/HC-Pro of Turnip
mosaic virus (TuMV) which interferes with miRNA-guided
functions (Anandalakshmi et al., 1998; Kasschau and Carring-
ton, 1998; Kasschau et al., 2003) and the 2b protein of Cu-
cumber mosaic virus that blocks Argonaute 1 (AGO1) cleavage
activity (Zhang et al., 2006). Interestingly, some viral RNAs,
e.g., the human adenovirus virus associated (VA) RNA, can also
act as silencing suppressors by interfering with the RNase III
type Dicer-like protein (DCL) and the RNA-induced silencing
complex (RISC) activities (Lu and Cullen, 2004; Andersson et
al., 2005).
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cell is the presence of sRNAs of 21–26 nt (Elbashir et al., 2001;
Lagos-Quintana et al., 2001; Lee and Ambros, 2001; Hamilton
et al., 2002; Llave et al., 2002; Borsani et al., 2005). These tiny
molecules, generated from cleavage of perfect or imperfect
double-stranded (ds) RNAs by the plant DCL proteins (Zamore
et al., 2000), guide the cleavage or translational repression of
target RNAs with complementary sequences. The production of
virus-derived sRNAs is associated with the activation of host
PTGS by viruses. These sRNAs are suggested to mediate the
cleavage and degradation of viral RNAs because high levels of
virus-derived sRNAs are normally correlated with a decrease in
the virus titer and a reduction in the progression of the infection.
However, the accumulation of sRNAs derived from pathogenic
nucleic acids is not always a disadvantage for the pathogen,
because some animal DNA viruses encode miRNAs that may
target host transcripts with defense function, thereby aiding the
progression of viral infection (Pffefer et al., 2004, 2005;
Sullivan et al., 2005; Sullivan and Ganem, 2005; Cullen, 2006).
Little is still known about the origin, biogenesis and che-
mical structure of virus-derived sRNAs. It is generally assumed
that perfect dsRNA intermediates, generated during viral repli-
cation or by the action of RNA-dependent RNA polymerases,
are the substrates for DCL cleavage during virus-induced PTGS
(Dalmay et al., 2000; Mourrain et al., 2000). However, recent
evidence suggests that, in the case of RNA viruses, highly
structured viral RNAs may serve as DCL substrates (Molnar et
al., 2005). Processing of viral dsRNAs by DCL produces virus-
derived sRNAs of 21–25 nt and various modifications at their
5′- and 3′-ends. DNA begomoviruses produce small RNAs of
21, 22 and 24 nt that are phosphorylated and methylated at their
5′- and 3′-ends, respectively (Akbergenov et al., 2006). By
contrast, Oilseed rape mosaic virus (ORMV) produces sRNAs
of 20–22 nt with no modification at their 3′-ends. Indeed,
ORMV seems to suppress methylation of the viral siRNAs and
a subclass of endogenous small RNAs (Akbergenov et al.,
2006).
Viroids are the smallest nucleic-acid-based pathogens infect-
ing higher plants. At the molecular level they consist of a naked,
covalently closed, single-stranded RNA of small size (250–400
nt) that does not encode any open reading frame (Diener, 2003;
Tabler and Tsagris, 2004; Flores et al., 2005; Daròs et al., 2006;
Ding and Itaya, 2007). Even without encoding any protein,
viroids are able to replicate in host cells and spread through the
vascular system of plants to establish systemic infection (Ding
et al., 1997; Zhu et al., 2001; Qi et al., 2004). Viroid replication
follows a rolling-circle-like mechanism (Branch and Robertson,
1984; Daròs et al., 1994; Navarro et al., 1999) and occurs in the
nucleus (family Pospiviroidae) or the chloroplast (family Av-
sunviroidae). Of particular interest is the specific secondary
structure that viroids acquire in vivo, owing to the peculiar
characteristics of its RNA sequence, which is approximately
60–70% self-complementary (Sogo et al., 1973). Viroid RNA
likely folds into a rod-like secondary structure defining five
structural and functional domains in members of the Pospivir-
oidae family (Keese and Simons, 1985). These five domains
include a left-terminal domain (1), a pathogenicity domain (2), acentral conserved region (3), a variable domain (4) and a right-
terminal domain (5) (Fig. S1). Some lines of evidence suggest
that the in vivo existence of this particular secondary structure
may provide binding signals for host protein factors (Gozma-
nova et al., 2003; Maniataki et al., 2003; Martínez de Alba et al.,
2003) and protect the non-encapsidated viroid genome from an
attack by cellular defense responses. Viroid-derived perfect and
imperfect double-stranded RNA (dsRNA) species are detected
in host cells during the viroid life cycle, indicating that viroid
RNAs are potential activators of RNA silencing. Indeed,
working with different viroid species several laboratories have
reported the detection of viroid-derived sRNAs during infec-
tions (Itaya et al., 2001; Papaefthimiou et al., 2001; Martínez de
Alba et al., 2002; Denti et al., 2004; Markarian et al., 2004;
Landry and Perreault, 2005) although the origin of these sRNAs
and their chemical characteristics are still poorly understood.
Here, we show the specific in vivo cleavage of Citrus exo-
cortis viroid (CEVd) RNA into 21–22 nt sRNAs. The majority
of these sRNAs are of the positive (+) polarity, suggesting that
structured viroid RNAs are the predominant substrates for DCL
enzymatic cleavage. The pattern of CEVd RNA cleavage indi-
cates the likely existence of domains preferred by DCL. More-
over, we have characterized the chemical structure of the CEVd-
derived sRNAs produced. In addition, our in vivo assays
suggest that although CEVd affects leaf morphology and plant
development (cellular processes directly controlled by miR-
NAs), the endogenous miRNA pathway is not affected in
CEVd-infected tomato plants.
Results
High levels of CEVd sRNAs do not decrease viroid
accumulation
To investigate the characteristics and putative roles of CEVd-
derived small RNAs (sRNAs), we analyzed the accumulation
kinetics of these sRNAs at several stages after infection of
tomato seedlings with dimeric CEVd RNAs. Three weeks after
inoculation, systemic tomato leaves began to show light symp-
toms correlating with the appearance of the CEVd genomic
RNA and the accumulation of CEVd sRNAs (Fig. 1). We
observed that both genomic and sRNA levels increased during
the progression of the infection. Time-course experiments
showed that increasing levels of CEVd-derived sRNAs did not
correlate with a decrease in the viroid titer.
The majority of the CEVd sRNAs are derived from viroid
positive-strand RNA
To study the origin and chemical characteristics of CEVd
sRNAs, we prepared a small RNA library from systemic leaves
of CEVd-infected tomato plants. The samples were collected at
4 weeks post-inoculation, when the symptoms displayed by the
plants were visible, coinciding with high levels of CEVd
sRNAs. We screened a total of 7850 clones containing 529
fragments derived from the CEVd genome, representing 1.3%
of the total sequences of the library (Table 1S). In addition, we
Fig. 1. Accumulation of CEVd RNA species during tomato infection. Total
RNA was extracted from systemic leaves of a non-infected (lane 0) plant and
different independently infected plants (lanes 1 to 15) at 1, 2, 3, 4 and 5 w
(weeks) after inoculation. Each lane contained 10 μg RNA. rRNAs were used as
loading controls. (A) Time-course of accumulation of genomic CEVd RNA
during infection. Blots were hybridized to labeled CEVd (−) transcripts. C- and
L-CEVd indicate the circular and linear forms of CEVd, respectively. (B) Time-
course of CEVd-related small RNAs (sRNAs) accumulation. Blots were
hybridized to labeled full-length CEVd cDNA.
Fig. 2. Changes in (+) and (−) CEVd-derived sRNA levels during CEVd
infection. RNA samples were extracted from CEVd-infected tomato plants at 3,
4 and 5 weeks (w) after inoculation. Each lane contained 10 μg of total RNA.
Membranes were hybridized with 32P-labeled (−) (upper panel) and (+) (middle
panel) CEVd transcripts to specifically detect CEVd small RNAs of (+) and (−)
polarity, respectively. Lanes 1–10 here correspond to samples used in lanes 6–
15 of Fig. 1, respectively. rRNAs were used as loading controls (lower panel).
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annotated Arabidopsis microRNAs (Table 2S). Analysis of
CEVd-specific fragments indicated that 80.4% were derived
from the RNA strand of positive polarity, (+) RNA, whereas
only 19.6% were derived from the complementary strand of
negative polarity, (−) RNA (Table 1S). These data were con-
firmed by the specific detection of CEVd sRNAs of (+) and (−)
polarities in infected tomato leaves (Fig. 2). At all stages tested,
the amount of (+) sRNAs was significantly higher than that of
(−) sRNAs. The preferential enrichment of (+) sRNAs suggest-
ed that the predominant in vivo substrate of DCL enzymatic
cleavage is likely to be a structured CEVd genomic RNA, rather
than (±) dsRNA intermediates generated during viroid replica-
tion or by the action of cellular RNA-dependent RNA
polymerases (RDRPs). This result is similar to that recently
reported for Potato spindle tuber viroid (PSTVd) and some
RNA viruses, in which highly structured single-stranded (ss)
viroid or viral RNAs were suggested as substrates for DCL
cleavage (Molnar et al., 2005; Itaya et al., 2007).
CEVd sRNAs are 21–22 nt in size, 5′ phosphorylated and 3′
methylated
A size distribution analysis of the CEVd sRNAs in the
library confirmed an average size of predominantly 21 to 22 nt
(Fig. 3A). Next, we used enzymatic and chemical methods to
probe the terminal structure of the CEVd (+) sRNAs.
The 5′-nucleotide of small RNAs generated by DICER
activities is phosphorylated (Elbashir et al., 2001). We found
that alkaline phosphatase treatment caused CEVd sRNAs to
migrate slower than untreated ones in polyacrylamide gel elec-trophoresis, consistent with the loss of a 5′-terminal phosphate
group (Fig. 3B). These results indicate that CEVd sRNAs are
phosphorylated at the 5′-end.
The terminal 3′-nucleotide of Arabidopsis miRNAs and
other types of endogenous sRNAs is methylated, resulting in
resistance to β-elimination (Li et al., 2005). To test whether
CEVd sRNAs have a similar modification at their 3′-ends, total
RNA samples from CEVd-infected tomato plants were treated
with sodium periodate (NaIO4) and subjected to β-elimination.
Only sRNAs containing both 2′ and 3′ hydroxyl free groups can
react with NaIO4. sRNAs reacted with NaIO4 and β-eliminated
migrate faster than the unreacted RNA in polyacrylamide gels.
With this treatment, we did not observe any change in the
migration of the CEVd sRNAs, whereas a 21-nt synthetic RNA
with free 2′-OH and 3′-OH (internal control) migrated faster
than the non-treated control (Fig. 3C).
CEVd RNA contains preferred regions for DCL cleavage
Based on the sequences of the CEVd sRNAs recovered in the
library, we estimated the frequency of cleavage along the CEVd
RNA genome (Fig. 4). The profile suggested the likely
existence of preferred regions for DCL enzymatic cleavage.
The CEVd (+) sRNAs mapped to regions mainly located at the
right half side of the predicted CEVd RNA structure. To rule out
the possibility that these differences were due to cloning
artifacts, we used Northern blot hybridizations to analyze the
relative abundance of the CEVd (+) sRNAs derived from
different regions of the viroid genome (Fig. 5A). These assays
confirmed that sequences of all the CEVd regions were
represented in the population of CEVd (+) sRNAs, with the
right half side being the most abundant. In addition, Northern
blot experiments confirmed that the amount of CEVd (+)
sRNAs derived from a particular viroid sequence was more
abundant that of the corresponding (−) polarity. Interestingly,
among the population of CEVd (−) sRNAs, levels of 21 nt
sRNAs were similar to those of the 24 nt sRNAs (Fig. 5B).
Fig. 3. Biochemical characterization of CEVd sRNAs. (A) Left and right panels show the size distribution of the sequenced (+) and (−) CEVd sRNAs, respectively.
Numbers below the columns indicate the sRNA sizes and numbers above the columns indicate the number of sRNAs of different sizes. (B and C) CEVd-derived
sRNAs are phosphorylated at the 5′-end and methylated at the 3′-end. (B) RNAs prepared from CEVd-infected tomato plants were treated (+) or not (−) with
alkaline phosphatase. (C) For β-elimination assay the samples were treated (+) or not (−) with sodium periodate and β-eliminated. For both panels B and C, each
lane contained 20 μg RNA. The blot was hybridized to a 32P-labeled oligonucleotide complementary to the CEVd RNA sequence contained between nucleotides
159 and 180. Similar results were obtained with other labeled oligoprobes complementary to different regions of the CEVd RNA. rRNAs were used as loading
controls.
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to the upper strand of the right half side. This asymmetry was
also found at later stages of infection and conserved in other
independent infections analyzed (Fig. 5C). Taken together our
results suggested two possibilities: (1) the right half side of
CEVd might be folded into a secondary structure different from
the predicted structure of the viroid and this structure might be
recognized by DCLs to generate sRNAs, (2) the same structure
might be recognized as a pre-microRNA precursor which was
then processed to yield sRNA duplexes with differential
stability, e.g., the pairs formed by a mature miRNA and at its
complementary strand (denominated star strand and indicated as
miRNA*), with the miRNA* being much less stable. To address
this issue, we tested the in vivo cleavage profile of the CEVd
isolated domain formed by the sequence included between
positions 135 and 232 of its genomic RNA (CEVd 135–232).
After in vivo transient expression, we found that the cleavage
profile of this partial CEVd 135–232 domain was similar to
that obtained for the same domain when present as part of
the genomic CEVd RNA; CEVd (+) sRNAs were mapped in
an asymmetric manner to different regions of the right side
of the viroid sequence (Fig. 5D). There was only one
predicted secondary structure for this CEVd 135–232 domainbased on the minimal free energy folding, and this structure
was similar to that predicted for the CEVd right-end domain.
The pattern of cleavage observed, similar to that found in
plants infected with CEVd, suggested that this structured
domain of CEVd might be a putative substrate of DCLs
in vivo.
CEVd sRNAs do not alter the endogenous miRNA pathway
As a counter defense against host responses, many viral
genomes encode suppressors of gene silencing (Li and Ding,
2006); in addition, viral RNAs can function directly as silencing
suppressors (Lu and Cullen, 2004; Andersson et al., 2005).
Some viral suppressors, like the potyviral P1/HC-Pro, have
been shown to cause an accumulation of miRNAs in Arabi-
dopsis (Kasschau et al., 2003). microRNAs (miRNAs) are
known to control the expression of genes involved in several
developmental processes (Jones-Rhoades et al., 2006). In the
case of leaf patterning and polarity, miRNAs165/166 regulate
the expression of the class III-HD ZIP (HD-ZIP III) transcrip-
tion factors (Rhoades et al., 2002; Kidner and Martienssen,
2004) and miR159/319 regulate MYB and TCP (Teosinte
branched1, Cycloidea and PCF) transcripts (Palatnik et al.,
Fig. 4. Origin of CEVd sRNAs produced during viroid infection. (A) Frequency of 5′ cleavage at each nucleotide along the CEVd genomic RNA. Positive values
correspond to cleavages at the CEVd (+) RNA and negative values correspond to cleavages at the complementary CEVd (−) RNA. The length of the lines indicates the
number of times each residue has been cleaved by DCLs. The position of each nucleotide in the CEVd genome is indicated. (B) Positions of (+) CEVd sRNAs that
have been recovered five times or more from the library are represented as black boxes alongside the CEVd genome. The thickness of the box is proportional to its
abundance in the library. The sequence contained between nucleotide positions 8 and 29 has been recovered 5 times.
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CEVd and other viroids showed strong alteration in leaf
morphology, growth and development, it was possible that
viroid infection might alter miRNA biogenesis and/or function.
To test this hypothesis, we analyzed the miRNA pathway during
CEVd infections by examining the expression of coordinates
miR165/166 and miR159/319 (Rhoades et al., 2002; Palatnik et
al., 2003) in foliar tissues, at different stages after viroid
inoculation, starting from when symptoms become visible. In
addition, we assayed the expression levels of miR162 and 168,
which regulate DCL1 and AGO1 transcripts, respectively; these
two transcripts encode two major components of the miRNA
biogenesis and function (Xie et al., 2003; Vaucheret et al., 2004,
2006). However, we found no significant changes in the
expression level of all these miRNAs tested at 5 weeks of
infection (Fig. 6A). Same results were obtained 3 and 4 weeks
after inoculation (data not shown).
To rule out the possibility that the differences were masked
because of saturated level of endogenous miRNAs in adult
plants, we investigated the expression of transcripts targeted by
these miRNAs. We examined the transcript levels of DCL1 and
AGO1, which are targets of miRNAs 162 and 168, respectively,
in Arabidopsis thaliana (Xie et al., 2003; Vaucheret et al., 2004,
2006). Fig. 6B shows that neither the transcript level of DCL1nor that of AGO1 was significantly affected by CEVd infection.
Similarly, we examined the expression of genes HD-ZIP III,
which are targets of miR165/166 (Rhoades et al., 2002), and
that of TCP4, targeted by miR319 in A. thaliana (Palatnik et al.,
2003). Fig. 6B shows the transcript level of HD-ZIP III family
members seemed to be slightly decreased by CEVd infection.
However, these differences were detected only for the members
sharing high sequence identity of a specific domain. On the
other hand, TCP4 gene expression was not significantly altered
by CEVd. Moreover, we analyzed Asymmetric leaves 1 (AS1)
transcript levels, a gene which is also involved in leaf patterning
but not known to be regulated by miRNAs in A. thaliana (Xu et
al., 2003). Fig. 6B shows that the AS1 transcript was also
slightly affected by CEVd infection.
In addition, we analyzed the expression of the tomato Ex-
pansin 2 (Exp2) gene, which is down regulated late in PSTVd
infection (Qi and Ding, 2003). Our analysis confirmed that the
Exp2 transcript level was also decreased by CEVd infections
almost 3 times (Fig. 6B).
In some cases, the alteration of miRNA pathway by viral
suppressors results in the accumulation of the star strand of
miRNAs (miRNA*) (Kasschau et al., 2003), which is very
unstable and almost undetectable under normal conditions. We
found no detectable levels of the miRNA165* after CEVd
Fig. 5. (A) Relative abundance of CEVd (+) sRNAs in CEVd-infected tomato plants. Blots were hybridized to 20–21-mers probes (P1 to P18) complementary to the
CEVd genome. Membranes were exposed for 14 h, except those labeled with asterisk (*) were exposed for 2 days. The location of each oligonucleotide probe (black
lines, P1–P18) is indicated in a schematic representation of the predicted CEVd RNA folding structure (lower panel). Each lane contained 15 μg RNA used to prepare
the library. (B) Detection of (+) and (−) CEVd sRNA levels corresponding to the CEVd RNA sequences included between nucleotide positions 160 and 180. Blots
were hybridized to 20–21-mer probes P9 and anti-P9. Right panel: 6-h exposure; left panel: 2-day exposure. Each lane contained 10 μg of total RNA from non-
infected (lanes 1 and 2) and CEVd-infected tomato plants (lanes 3 to 9). rRNAs were used as loading controls (lower panels). (C) RNA samples were collected 5
weeks post-inoculation. Lanes 1 to 3 correspond to samples of non-infected plants and lanes 4 to 10, samples of different CEVd-infected plants. Each lane contained
10 μg RNA and rRNAs were used as loading controls. (D) RNA samples (lanes 1 to 4) from independent N. benthamiana leaves infiltrated with Agrobacterium
carrying the plasmid pBA:CEVd135–232. Each lane contained 10 μg RNA and rRNAs were used as loading controls. Note that there was no expression of the
infiltrated plasmid in sample 2.
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levels in transgenic Arabidopsis plants constitutively expressing
the potyviral P1/HC-Pro.
In summary, we could not detect significant differences in
the accumulation levels of all tested miRNAs, between CEVd-infected and non-infected tomato leaves. Similarly, we did not
observe significant differences in the transcript levels of the
majority of the tested miRNA targets. Only the HD-ZIP III
transcript levels showed a slight decrease and a similar decrease
in expression level was also found in the miRNA-independent
Fig. 6. Expression levels of miRNAs and their target transcripts in CEVd-
infected tomato plants. (A) Accumulation levels of miRNA162, 168, 165/166,
159 and 319/JAW in non-infected (lanes 1 to 3) and infected tomato plants (lanes
4 to 8), at 5 weeks after infection. 5S rRNAwas used as a loading control (lower
panel). (B) Expression levels of Dicer-like 1 (DCL1), Argonaute 1 (AGO1),
Expansin 2 (Exp2), genes encoding transcription factors of the class III HD-
ZIP (HD-ZIP III), TCP4 and Asymmetric leaves 1 (AS1) genes determined by
real-time RT-PCR analysis in CEVd-infected tomato plants. The analysis was
carried out 5 weeks after CEVd inoculation. Values were first normalized to the
Actin expression level and then made relative to the mRNA amount in the
control (control refers to non-infected plants). Data corresponded to 7
independent experiments. Standard errors are indicated. Numbers above the
bars correspond to P-values. Asterisks indicate P-values b0.05. Transcript
levels of AGO1 and HD-ZIP III were determined by two combinations of
primers (indicated as 1 and 2) amplifying different domains of the genes. (C)
Accumulation of miRNA165* 5 weeks after CEVd infection. Col-0:P1/HC-Pro
transgenic plants were used as a control for miR165* detection. Each lane
contained 10 μg of total RNA from non-infected (lanes 1 to 3) and CEVd-
infected tomato plants (lanes 4 to 6). rRNAs were used as loading controls
(lower panel).
141R. Martín et al. / Virology 367 (2007) 135–146AS1mRNA. In addition, there was no accumulation of miR165*
in CEVd-infected tomato plants.
These results suggested that CEVd did not significantly
affect endogenous microRNA pathway in tomato plants.Discussion
In response to invading nucleic acids, plants use the RNA
silencing machinery to limit multiplication of the pathogenic
offenders. The characterization of pathogen-related sRNAs is
essential to uncovering the strategies used by the pathogens to
counter attack these host responses (Akbergenov et al., 2006).
Here, we have described the origin and chemical structure of
CEVd-derived sRNAs in vivo and examined some of the
putative roles of these sRNAs during pathogenesis.
CEVd sRNAs are mostly derived from structured CEVd (+)
RNAs
The origin of pathogen-derived sRNAs is a current subject
of considerable interest. It was generally assumed that (±)
dsRNA intermediates, generated during viral replication or by
the action of RDRPs, were the substrates for DCL in vivo
(Dalmay et al., 2000; Mourrain et al., 2000). Like some
viruses, viroids are RNA pathogens that also replicate via (±)
dsRNA intermediates and it was reasonable to speculate that
these structures might be the origin of viroid-derived sRNAs
(Denti et al., 2004). However, this general assumption was
challenged by the experiments of Markarian et al. (2004) who
reported that two CEVd mutants exhibiting severe and mild
symptoms in G. aurantiaca reached similar replication rates,
but only the severe strain induced distinctive accumulation of
sRNAs.
The sequence profile obtained in the sRNA library from
CEVd-infected tomato plants showed that the majority of CEVd
sRNAs were of the (+) polarity. This observation is consistent
with the notion that genomic CEVd RNA folds into a highly
structured conformation, which is then cleaved by DCL in vivo.
This model is similar to that recently suggested for Potato
spindle tuber viroid (PSTVd) (Itaya et al., 2007).
Although our Northern blot hybridizations (see Fig. 2)
confirmed that CEVd (+) sRNAs were more abundant than
those of (−) polarity at all stages after infection, it is possible
that the cloning method used was biased towards a preferential
recovery of (+) sRNAs. This potential technical issue has been
reported by Pak and Fire (2007) and Sijen et al. (2007) after the
completion of our work.
The finding that structured viroid RNAs may be substrates
for DCL cleavage is also similar to that described for several
RNA viruses, in which structured virus RNAs are proposed to
be DCL substrates (Molnar et al., 2005). However, this scenario
does not seem to be generally applicable to all RNA pathogens,
because TuMV produces similar levels of sRNAs of both
polarities in Brassica plants (Ho et al., 2006).
Structured viroid RNAs did not seem to be the exclusive
substrates for DCL, because a low percentage of (−) polarity
sRNAs (less than 20%) were also produced in vivo. These (−)
sRNAs might be derived from a substrate different from that
which generates (+) sRNAs. We considered it likely that a dif-
ferent DCL activity might act on the (±) dsRNA intermediates
which accumulated to low levels during viroid replication or via
the activity of RDRP to produce these (−) sRNAs. In addition to
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DCL might also generate similar levels of (+) sRNAs. Whereas
the majority of CEVd (+) sRNAs, mostly derived from CEVd
genomic RNA, were 21–22 in size, those sRNAs derived from
(±) dsRNA intermediates seemed to have a range of sizes (21–
24 nt). This observation is consistent with the hypothesis that
several DCL activities may act on different viroid substrates.
The sizes and relative accumulation levels of viroid sRNAs of
both polarities might depend on the specific DCL activity and
on the viroid substrate.
Future experiments will be directed at identifying specific
DCL activities involved in the processing of viroid substrates
and the production of viroid sRNAs.
CEVd sRNAs are likely products of DCL activities
The detection of short RNAs derived from viroid genomes,
previously reported by other groups (Papaefthimiou et al., 2001;
Itaya et al., 2001; Martínez de Alba et al., 2002; Denti et al.,
2004; Markarian et al., 2004; Landry and Perreault, 2005),
provides indirect evidence that viroids are putative substrates of
DCL enzymatic cleavage. Our results on the chemical structure
of the CEVd (+) sRNAs provide additional indirect evidence
that viroids may be targets of this specific type of RNase III
enzymes. We showed that the CEVd (+) sRNAs have a
phosphate group at the 5′-end, indicating that they are products
of DCL activities. These CEVd sRNAs are modified at the 3′-
end with a methyl residue, which renders them resistant to β-
elimination. Plant endogenous sRNAs are also methylated at the
3′-end under normal conditions (Li et al., 2005), but this mod-
ification is not found in all sRNAs derived from plant viruses.
sRNAs derived from several families of DNA viruses are also
methylated at the 3′-end. By contrast, sRNAs derived from
RNA ORMVand some endogenous sRNAs of ORMV-infected
plants also lack this 3′modification because this virus somehow
interferes with the cellular methylation machinery (Akbergenov
et al., 2006).
The identification of the DCL activities responsible for the
viroid cleavage will provide direct evidence that viroids are
targets of these proteins. Unfortunately, Arabidopsis is not a
host for any known viroid species and although this model plant
contains the replication machinery for many viroids (Daròs and
Flores, 2004), so far sRNAs of viroid origin have not been
detected in Arabidopsis transgenic plants expressing viroid
sequences (Daròs, unpublished data). Tomato is also a classical
and good model for plant genetics. Although the tomato ge-
nome sequencing project is progressing so far no sequence
information is yet available on tomato DCLs. This lack of rele-
vant sequence information precludes the identification of
specific DCLs responsible for viroid cleavage. We propose
that several DCL proteins might be involved in the in vivo
cleavage of the different viroid substrates based on the number
of sRNA sizes found in the CEVd (+) and (−) sRNAs. The
Arabidopsis genome encodes several DCLs responsible of the
production of sRNAs of a number of sizes and all Arabidopsis
DCLs (DCL1–4) are involved in virus-related sRNAs produc-
tion (Blevins et al., 2006). We believe that the ongoing tomatogenome sequencing project will eventually help to identify
specific DCLs for viroid cleavage.
Identification of CEVd RNA domains targeted by DCL
cleavage
We found a random distribution of CEVd (−) sRNAs along
the CEVd complementary sequence. By contrast, most of the
(+) sRNAs mapped to certain domains of the viroid RNA,
suggesting the existence of preferred regions for DCL cleavage
in the CEVd genomic RNA. The predicted CEVd RNA secon-
dary structure resembles that of a miRNA precursor with stems
of complementary regions separated by bulges and two terminal
loops. According to this predicted secondary structure, our stu-
dies showed an asymmetric processing of the viroid RNA,
suggesting that the right end domain might be recognized and
processed by DCL as a pre-miRNA, producing sRNAs with
asymmetric level of stability, similar to the endogenous
miRNA/miRNA* pairs. Studies with CEVd sequence variants
containing mutations in this region will help to define the
structural requirements for DCL cleavage.
CEVd sRNAs do not modulate miRNA pathway
To counteract host defense responses, many viruses encode
suppressors of gene silencing, some of which can modulate
miRNAs accumulation (Kasschau et al., 2003; Li and Ding,
2006); moreover, non-coding RNAs can also function as silen-
cing suppressors (Lu and Cullen, 2004; Andersson et al., 2005).
Our analyses showed that CEVd is unlikely to affect the
biogenesis or function of endogenous miRNAs, although the
symptoms displayed by CEVd-infected tomato plants had
raised this possibility. The transcript level of DCL1 or AGO1,
the main regulators of miRNA pathway and targets of miR162
and 168, respectively (Xie et al., 2003; Vaucheret et al., 2004,
2006), did not seem to be significantly affected by CEVd
infections. On the other hand, we observed that the transcript
level of genes encoding some transcription factors involved in
leaf patterning and development of the shoot apical meristem
might be affected by CEVd infection. This effect could not be
attributed to a general alteration of the microRNA pathway by
viroids, because the expression of TCP4, targeted by
miRNA319 (Palatnik et al., 2003), was not significantly altered
in CEVd-infected tomato plants. Moreover, we found that the
expression of AS1 (Xu et al., 2003), so far not reported to be a
target of any miRNA, was also slightly decreased by CEVd
infection. It has been demonstrated that lateral organ patterning
requires an interaction between the organ and the shoot apical
meristem (Reinhardt et al., 2005) and transcription factors of the
class III HD-ZIP family potentially act as a pivotal component
for leaf patterning–shoot meristem interactions (Byrne, 2006).
Several viroid species, including the CEVd used in our studies
and other PSTVd variants, dramatically block development and
growth of the infected tomato plants and most probably affect
the normal functioning of the apical meristem. It is reasonable to
consider that genes involved in the proper development of the
meristem and lateral organs might be directly or indirectly
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investigate the expression of these genes in order to elucidate
the basis of viroid infections.
So far, it has not been possible to demonstrate that viroids or
viroid sRNAs directly interfere with any cellular process. Our
analyses show that CEVd does not seem to affect the biogenesis
neither the function of endogenous miRNAs, although the
symptoms displayed by CEVd-infected tomato plants had
raised this possibility. Moreover, recent efforts to assign poten-
tial silencing suppressor activities to PSTVd have also produced
negative results (Itaya et al., 2007).
sRNAs derived from pathogens have been classically related
to host defense responses; however, the discovery that some
animal viruses encode siRNAs and miRNAs that may silence
host genes challenges this assumption (Cullen, 2006). We ob-
served that the accumulation of CEVd sRNAs does not decrease
genomic CEVd RNA levels nor reduce the progression of the
infection. Indeed, there is a positive correlation between in-
creasing CEVd sRNA levels and symptom severity, suggesting
that viroid sRNAs could play an important role for viroid
disease progression. This observation has also been reported for
other viroids like PSTVd (Papaefthimiou et al., 2001; Itaya et
al., 2001; Wang et al., 2004) or Avocado sunblotch viroid
(ASBVd) (Markarian et al., 2004), although it is not general for
all the viroid species. Particularly, Wang et al. (2004) showed
that the production of viroid sRNAs derived from a non-
replicating PSTVd hairpin RNA correlated with the appearance
of symptoms associated with PSTVd infections. Moreover,
studies on CEVd pathogenesis showed that a mutation pro-
ducing conformational variations in the viroid structure did not
affect viroid replication in Gynura, but the plants accumulated
less viroid sRNAs and displayed milder symptoms (Markarian
et al., 2004). Together, these results suggest that viroid-derived
sRNAs might act to mediate down regulation of important
cellular transcripts crucial for normal plant development.
Our structural studies concerning the specific and conserved
processing of CEVd RNA by DCL in vivo provide new inform-
ation regarding the putative viroid genomic RNA regions that
may encode any of these putative sRNAs. The right-end domain
of the predicted structure of CEVd might be a good candidate to
encode a putative sRNA. The involvement of the right-end
domain in viroid pathogenesis is consistent with the existence of
viroid sequences outside of the pathogenicity domain that have
been also reported to affect symptom expression and host range
(Loss et al., 1991; Gozmanova et al., 2003; Qi and Ding, 2003).
The sequencing of the tomato genome and other viroid plant
hosts will help to illuminate this issue and advance our know-
ledge of viroid pathogenesis.
Materials and methods
Plant materials and viroid sequence variant
Solanum lycopersicum var. Rutgers and Nicotiana benthami-
ana plants were grown in soil at 16-h day/8-h night (28 °C).
CEVd sequence variant M34917 with a deletion of one G
between positions 70 and 74 was used.Plasmids
pBdCEVd (Daròs and Flores, 2004) was used as template
for in vitro transcription to produce CEVd inoculum and
riboprobes specific for (+) and (−) CEVd. Plasmid pBA:
CEVd-135–232 was prepared by cloning the PCR product
between positions 135 and 232 of the CEVd sequence into
pENTR/D-TOPO (Invitrogen) following the manufacturer's
protocol and finally transferred to pBA-DC gateway binary
vector (Invitrogen) using the Gateway LR clonase (Invitrogen)
according to the manufacturer's instructions. The primers used
for this cloning were 5′ CACCTGCTTCGGTCGCCGCG 3′
and 5′ GCGCTTCAGCGACGATCGGATG 3′.
In vitro transcription of viroid RNA and plant inoculation
pBdCEVd was linearized by XhoI digestion and used as
template for in vitro transcription with MaxiScript T7 RNA
polymerase (Ambion) following the manufacturer's protocol.
The transcripts were used to mechanically inoculate first true
leaves of 10-day-old tomato plants (100 ng/plant).
Probes preparation
Riboprobes were prepared by in vitro transcription using T3
or T7 RNA polymerase (Promega) in the presence of [α−32P]
UTP. XhoI- and HindIII-digested pBdCEVds were used as
templates to generate (+) and (−) CEVd transcripts, respec-
tively. Unincorporated nucleotides were removed by filtration
through Mini Quick Spin Oligo Columns (Roche) according to
the manufacturer's protocol. Strand-specific riboprobes were
quantified and the amount of cpm for both probes normalized.
CEVd cDNA labeled by the Rediprime II Random Prime
Labeling System (Amersham) was purified with MicroSpinTM
S-200 HR columns (Amersham) according to the manufac-
turer's protocol. DNA oligonucleotides were 5′-end-labeled
with [γ−32P]ATP by T4 polynucleotide kinase (New England
Biolabs) and purified through MicroSpin™ G-25 columns
(Amersham).
Cloning of small RNA (sRNA) and identification of colonies
containing sequences derived from CEVd
Cloning of sRNAs was performed according to Elbashir et
al. (2001) with minor modifications. Total RNA was extracted
from mixed systemic foliar tissues of ten CEVd-infected
tomato plants at 4 weeks after inoculation and separated on
denaturing gels. sRNAs were purified, dephosphorylated and
ligated to 3′-terminal adapter oligonucleotides. The ligation
products were then gel purified, 5′ phosphorylated and ligated
to a 5′ adapter. After gel purification, the final ligation
products were reverse transcribed, amplified by PCR and
finally cloned as concatemers into a commercial TOPO-TA
cloning vector (Invitrogen). Individual colonies were screened
for CEVd-derived inserts by colony hybridization with a full-
length CEVd cDNA probe. DNAs from positive clones were
sequenced.
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Foliar tissues corresponding to systemic leaves (third leaf
and younger leaves) of an individual plant were mixed and
ground on liquid nitrogen preceding RNA extraction. Total
RNA of tomato plants was isolated using Trizol reagent (Invi-
trogen) according to the manufacturer's protocol. For detection
of CEVd (+) and (−) RNA, 10 μg of total RNAwas separated on
5% PAGE with 8 M urea and (0.5×) TBE. After electrophoresis
the RNAwas electroblotted to a Hybond N+ membrane (Amer-
sham) and UV cross-linked. Blot hybridizations were per-
formed at 65 °C overnight in UltraHyb-oligo buffer (Ambion)
with riboprobes specific for (+) and (−) CEVd (see above).
Membranes were washed two times with (2×) SSC, 0.1% SDS
for 30 min and 15 min with (0.1×) SSC, 0.1% SDS at 68 °C. For
detection of small RNAs, an aliquot of 15 μg RNAwas loaded
on 15% PAGE with 8 M urea and (0.5×) TBE. After electro-
phoresis, the RNA was transferred to a Hybond N+ membrane
(Amersham) by electroblotting and UV cross-linked. Mem-
branes were hybridized in ULTRAhyb-oligo Buffer (Ambion)
at 42 °C overnight with oligoprobes or cDNA probes and
washed twice in (2×) SSC, 0.1% SDS for 30 min. For detection
of sRNAs of specific polarity, the hybridizations were
performed at 50 °C and washed with (2×) SSC, 0.1% SDS at
50 °C for 30 min, at 55 °C for 30 min and at 59 °C for 45 min.
Phosphatase treatment and β-elimination
For dephosphorylation, 20 μg of total RNAwas treated with
20 U of calf intestine alkaline phosphatase (Invitrogen) in 10 μl
(1×) buffer for 30 min at 37 °C. For NaIO4 reaction and β-
elimination, 20 μg total RNA was dissolved in 17.5 μl borax
buffer, pH 8.6 (4.375 mM borax, 50 mM boric acid) and 2.5 μl
200 mM NaIO4 was added. The mixture was incubated for
10 min at room temperature in the dark. 2 μl Glycerol was
added to quench the unreacted NaIO4 and the mixture incubated
for an additional 10 min at room temperature. After drying
under vacuum for 30 min at room temperature, samples were
dissolved in 50 μl borax buffer pH 9.5 (33.75 mM borax,
50 mM boric acid) and incubated for 90 min at 45 °C. The RNA
was then purified and dissolved in the denaturing gel loading
buffer.
Quantitative RT-PCR analysis
2 μg Total RNA was used to reverse transcribe target se-
quences using oligo(dT) primer and SuperScript III reverse
transcriptase (Invitrogen) according to the manufacturer's pro-
tocol. PCR was carried out in the presence of the double-
stranded DNA-specific dye SYBR green PCR Master Mix
(Applied Biosystems). Amplification was monitored in real time
with the 7900 HT sequence detection system (Applied
Biosystems). The PCR primers used for RT-PCRs were based
on the tomato est database. Actin1-Forward: 5′ CCA CGT CAC
ACGGGTGTTATG 3′ and Actin1-Reverse: 5′GATTCGCCT
TAG GGT TTA GAG G 3′, based on the pseudogene partial
sequence accession U60479. DCL1-Forward: 5′ CTG TATCGATGT GTG CAC GAG G 3′ and DCL1-Reverse: 5′ GAG
TTC CAATAG AAG AGC TGC TG 3′, based on tomato clone
BI209312. AGO1-1Forward: 5′ CGA ATT CCC CTT GTC
AGC GAC C 3′ and AGO1-1Reverse: 5′ CTG ATA GTT GGG
TTC TAA AGA TGC 3′, based on estLA26CC11. AGO1-
2Forward: 5′ GCT CTG AGT CCC ACG AAA CTG G′ and
AGO1-2Reverse: 5′ CCC CTG CCC TGT TGATAG TAC 3′,
based on estLC14BA04. HDZIP-1Forward: 5′ GTG AAT CTG
TGG TCG TGA GTG G 3′ and HDZIP-1Reverse: 5′ CTC TAG
ACT CAC GAG GCC GC 3′. HDZIP-2Forward: 5′ AAA GTA
TGT GAG GTA TAC ACC AG 3′ and HDZIP-2Reverse: 5′
ACA CTT GCT TCT GTA ATC GGT C 3′, both based on
estBI925551. TCP4-Forward: 5′ GCA CGT AGT TAT CTG
TTT AAC TC 3′ and TCP4-Reverse: 5′ GAATAC ATA GGA
AAC ACA GCT TG 3′, based on estAW037628. AS1-Forward:
5′ TGA AGA GGA TGC TTT GTT GCG AG 3′ and AS1-
Reverse: 5′ TTC CAT TTG TTA CCG TGT TTG GC 3′, based
on estBE441125. LeExp2-F: 5′ GAT GGC AAA CTG CTC
ATG CCA 3′ and LeExp2-R: 5′ TTA GGT AGA GAC GGG
TTC GGA G 3′, based on the completed cds AF096776.
Agrobacterium infiltration
Agrobacterium tumefaciens cultures, grown to midlog phase,
were resuspended in 10 mM MgCl2 and 150 μM acetosyr-
ingone, incubated for 4 h at room temperature and infiltrated
into leaves of N. benthamiana plants. Two days after infil-
tration, the inoculated leaves were harvested and subjected to
RNA extraction.
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